NS, Enoka RM, Seals DR. Sodium nitrite supplementation improves motor function and skeletal muscle inflammatory profile in old male mice. J Appl Physiol 118: 163-169, 2015. First published November 6, 2014 doi:10.1152/japplphysiol.00608.2014.-Aging is associated with motor declines that lead to functional limitations and disability, necessitating the development of therapies to slow or reverse these events. We tested the hypothesis that sodium nitrite supplementation attenuates declines in motor function in older C57BL/6 mice. Motor function was assessed using a battery of tests (grip strength, open-field distance, rota-rod endurance) in old animals (age 20 -24 mo) at baseline and after 8 wk of sodium nitrite (old nitrite, n ϭ 22, 50 mg/liter) or no treatment (old control, n ϭ 40), and in young reference animals (3 mo, n ϭ 87). Eight weeks of sodium nitrite supplementation improved grip strength (old nitrite, ϩ12.0 Ϯ 14.9% vs. old control, ϩ1.5 Ϯ 15.2%, P Ͻ 0.05) and open field distance (old nitrite, ϩ9.5 Ϯ 7.7%, P Ͻ 0.01 vs. old control, Ϫ28.1 Ϯ 2.0%) and completely restored rota-rod endurance-run time (old nitrite, ϩ3.2 Ϯ 7.1%, P Ͻ 0.01 vs. old control, Ϫ21.5 Ϯ 7.2%; old nitrite after treatment P Ͼ 0.05 vs. young reference). Inflammatory cytokines were markedly increased in quadriceps of old compared with young reference animals (by ELISA, interleukin-1␤ [IL-1␤] 3.86 Ϯ 2.34 vs. 
and disability into a shorter period closer to the end of life (21, 30, 31) .
The systemic factors contributing to age-related declines in motor function are largely unknown, but reduced nitric oxide (NO) bioavailability and signaling may play an important role (24, 41, 61) . One mechanism linking reduced NO signaling to a decline in motor function is chronic low-grade inflammation (11, 56, 57) . Proinflammatory mediators increase with age (6, 18, 19, 33) and are associated with functional limitations (5, 49) and disability in older adults (15) , as well as frailty and mortality in mouse models of aging (32) .
Boosting the bioavailability of nitrite, which is both an oxidation product and an immediate precursor of NO, is a promising intervention for improving NO signaling and physiological function with aging (29, 40) . In old animals, sodium nitrite supplementation in the drinking water improves vascular NO bioavailability, endothelial function, and arterial stiffness (16, 57) , and reduces vascular inflammatory cytokine expression to levels observed in young animals (57) . These findings support the view that nitrite supplementation exerts a potent anti-inflammatory effect that is associated with improved physiological function with aging (56) . However, the efficacy of oral sodium nitrite supplementation as a potential later-life intervention to slow or reverse declines in motor function or to reduce proinflammatory mediators in skeletal muscle of older animals is unknown.
In the present study, we hypothesized that oral sodium nitrite supplementation would either improve or slow motor dysfunction in older male mice while exerting anti-inflammatory effects in skeletal muscle. To test this hypothesis, we assessed motor function in a large cohort of young reference animals and in old mice before and after 8 wk of either oral sodium nitrite supplementation or normal drinking water. We also measured skeletal muscle inflammatory cytokines following the treatment period and developed regression models to determine the contribution of treatment and muscle inflammatory profile to motor function in old animals. Male mice were used to test our hypothesis in this initial intervention study because we recently established motor assessments with aging in this group (27) and had a large group of phenotyped young male animals to serve as reference controls.
METHODS

Animal Husbandry and Experimental Groups
Male C57BL/6 mice were obtained from the National Institute on Aging rodent colony at 19 mo of age. All mice were housed in an animal care facility at the University of Colorado Boulder on a 12:12 light:dark cycle. Upon arrival mice were ear-punched for identifica-tion and housed in groups (approximately 3-4 per cage). Mice were acclimated to our existing colony in the animal care facility for 4 wk with normal rodent chow and water provided ad libitum. Motor behavior was assessed at baseline (20 -24 mo of age) and after an 8-wk experimental period in time control (old control, n ϭ 40) and sodium nitrite-treated (old nitrite, n ϭ 22) mice. The control animals continued drinking regular water and the treated animals received sodium nitrite-supplemented water at a dose (50 mg/liter) previously reported to have therapeutic efficacy in old animals (16, 56, 57) . Water intake was monitored four times per week. Motor function tests were administered in all animals before and after the 8-wk intervention period. An additional cohort of young adult C57BL/6 mice obtained from Charles River (young reference, n ϭ 87, 3 mo of age) served as reference animals and were administered a behavioral battery at a single time point (27) . A subset of animals from each cohort was killed (old control and old nitrite n ϭ 10 each, young reference n ϭ 6) for skeletal muscle and tissue collection. The University of Colorado Boulder Animal Care and Use Committee approved all animal procedures.
Experimental Measurements
Motor function and home cage activity. Several motor function tests taken from our recently published battery (27) were administered over a 3-day period. Forelimb grip strength (day 1), open field locomotor activity (day 1), and accelerating (day 2) and endurance (day 3) rota-rod run ability were assessed as described in detail previously (27) . Briefly, grip strength was measured as the average force recorded at forepaw release over five trials using a custom grip strength device that included a force transducer attached to a trapeze grip. Open field distance (locomotor activity) was determined as the total distance traveled during 5 min in a novel arena, quantified offline from a video-recorder using multiarena video tracking software (EthoVision XT; Noldus Information Technology, Leesburg, VA). Latency to fall from an accelerating rota-rod (Ugo Basile, Comerio, Italy) over three trials was used to determine the speeds set during the endurance rota-rod trial. The endurance rota-rod test consisted of four consecutive phases corresponding to 25% (refresh, 2 min), 50% (warm-up, 5 min), 75% (endurance phase 1, 10 min or until fall), and 100% (endurance phase 2, 20 min or until fall) of maximum achieved accelerating rota-rod speed. The latency to fall was recorded during the endurance phases, and distance run across all phases was calculated.
Home cage activity in old animals was determined by telemetry in a subset of old nitrite and old control animals (n ϭ 12 per group). Transmitters were surgically implanted in the intraperitoneal cavity via ventral incision to detect core body temperature and gross home cage activity (TA-F10 transmitters; Data Sciences International, St. Paul, MN). Home cage activity and body temperature were determined over 24 h following 8-wk treatment periods. Animals with implanted transmitters also underwent motor function assessments. For technical and logistical reasons, transmitters were not implanted in the young reference animals.
Muscle mass and size. Following the 8-wk treatment period, the quadriceps and gastrocnemius muscles were dissected and weighed, and mass was recorded. Quadriceps muscles were cut in half across the muscle belly. One half was placed in Eppendorf tubes and snap-frozen in liquid nitrogen and stored at Ϫ80°C until extraction of protein, and the other half was fixed in formaldehyde, paraffinembedded, and sectioned midbelly. Sections were stained with hematoxylin and eosin (Fisher, NH) and imaged using a photomicroscope (TS100 Nikon Eclipse) to determine quadriceps cross-sectional area.
Skeletal muscle inflammatory cytokines. Quadriceps muscles were homogenized in ice-cold radioimmunoprecipitation assay lysis buffer containing protease and phosphatase inhibitors ( (15 g ) were used to determine concentrations of the proinflammatory cytokines interleukin-1␤ (IL-1␤), interleukin-6 (IL-6), and interferon gamma (IFN-␥) by multiplex ELISA (Searchlight Mouse Inflammatory Cytokine Kit; Aushon Biosystems; Billerica, MA) following the manufacturer's instructions. Tumor necrosis factor alpha (TNF-␣) levels were determined separately by ELISA (Mouse TNF-␣ ELISA Max Deluxe Sets; BioLegend, San Diego, CA) per the manufacturer's instructions but with a modified standard curve to include five additional points between 0.2 and 7.8 pg/ml per the manufacturer's recommendation to achieve greater resolution. With the addition of lower-concentration standards we were able to generate a standard curve with R 2 Ͼ 0.99. Plasma nitrite and nitrate. Plasma was obtained at death by centrifugation at 800 g for 10 min in the subsample of young reference, old control, and old nitrite mice. Plasma nitrite and nitrate were analyzed using a dedicated high-throughput HPLC system (EiCom ENO-20) as described in detail elsewhere (7) (8) (9) .
Statistics
Data are presented as means Ϯ SE in figures, or means Ϯ SD in tables and text. Statistical analysis was performed with SPSS software (v22; IBM, Somers, NY); the ␣-level for all statistical analyses was set at 0.05. Prior to primary analysis of the motor function outcomes, normality of each variable was assessed with the Kolmogorov-Smirnov test. No outliers (Ͼ3 SD) were identified for motor function tasks; one outlier was identified in the old control group for TNF-␣ (11.0 pg/ml) and was replaced with the group mean (2.93 pg/ml). Multivariate analysis of variance confirmed age-related motor function declines in young reference compared with old control and old nitrite animals at baseline; differences for each functional outcome were confirmed with univariate analyses and post hoc Tukey's honestly significant difference (HSD) for means comparison. Group differences in motor function with 8-wk sodium nitrite supplementation or normal drinking water were determined by multivariate mixed-model ANOVA (within factor, time; between factor, treatment) followed by univariate comparisons and post hoc Tukey's HSD. Differences among young reference, old control, and old nitrite (posttreatment only) for body mass, muscle mass, and proinflammatory cytokines were compared by ANOVA followed by Tukey's HSD post hoc tests. Differences in home cage activity and temperature between old control and old nitrite groups were determined by t-test, and relations between home cage activity and motor functions were determined by Pearson correlation. The contribution of proinflammatory cytokines and treatment group to the change in motor function outcomes was determined by backward, linear regression equations, with separate models run to predict grip strength, open field distance, and endurance run time. An absence of multicollinearity for the explanatory variables was verified by variance inflation factor and tolerance.
RESULTS
Animal Characteristics
Water intake was not different between old control (4.48 Ϯ 1.16 ml/mouse/day) and old nitrite animals (4.36 Ϯ 1.29 ml/mouse/day). Nitrite supplemented animals consumed an average of 0.22 Ϯ 0.07 mg sodium nitrite per day (6.65 Ϯ 2.1 mg/kg body mass). Age-related differences were observed in body mass (P Ͻ 0.05), but muscle mass (mean of right and left quadriceps and gastrocnemius) and quadriceps cross-sectional area were not statistically different between young reference and old animals (P Ͼ 0.05, Table 1 ). Body mass, muscle mass and cross-sectional area were not different between old control and old nitrite-treated animals ( Table 1 , P Ͼ 0.05). Sodium nitrite treatment had no effect on home cage activity (old control 20.9 Ϯ 3.1, old nitrite 21.5 Ϯ 3.8 average counts/ Nitrite Improves Motor Function and Inflammation in Old Mice • Justice JN et al. day) or core body temperature (old control 36.2 Ϯ 1.50°C, old nitrite 36.1 Ϯ 0.95°C) in old animals (P Ͼ 0.05, both).
Sodium Nitrite Improves Motor Function in Old Mice
Multivariate analysis revealed age-related declines in motor function in old compared with young reference animals (P Ͻ 0.001), and significant time ϫ treatment interaction indicated an effect of sodium nitrite on motor function (grip strength measures, open-field distance, and rota-rod performance) in old C57BL/6 mice (P Ͻ 0.001). No differences were observed between old control and old nitrite mice at baseline (P Ͼ 0.05), or between mice with or without surgically implanted transmitters (Table 2 , P Ͼ 0.05 all). Home cage activity was not significantly correlated with motor functions (P Ͼ 0.05 all, Table 3 ), indicating that habitual activity was not related to motor performance.
Grip strength. Grip strength (P Ͻ 0.001, Fig. 1A ) and grip strength normalized to body mass were reduced in old animals at baseline compared with young reference mice (body massnormalized grip strength; old 2.75 Ϯ 0.45 g, young 5.58 Ϯ 0.55 g; P Ͻ 0.001). Grip strength did not change over 8 wk in old control (2.75 Ϯ 0.43 to 2.83 Ϯ 0.44 g, P Ͼ 0.05), but increased in old nitrite (2.81 Ϯ 0.45 to 3.25 Ϯ 0.45 g, P Ͻ 0.05) mice.
Open-field distance. Distance traveled in a novel open arena was less in old compared with young reference animals (P Ͻ 0.001, Fig. 1B) and declined further over 8 wk in old control animals (P Ͻ 0.05). Nitrite treatment attenuated the reduction in distance over the 8-wk study period (old nitrite, P Ͼ 0.05, baseline vs. posttreatment).
Rota-rod testing. Latency to fall from a constantly accelerating rota-rod was reduced in old compared with young reference animals at baseline (old 168 Ϯ 61 s, young 240 Ϯ 57 s, P Ͻ 0.05). No differences were observed with treatment or time in old control (160.9 Ϯ 61.3 to 167.2 Ϯ 55.4 s) and old nitrite (175.8 Ϯ 63.7 to 184.6 Ϯ 46.5 s) animals during the 8-wk experimental period (P Ͼ 0.05, both). Baseline impairments were observed in endurance run time (P Ͻ 0.001, Fig.   1C ) and distance in old mice compared with young reference (old 14.9 Ϯ 7.9, young 24.4 Ϯ 9.9 m, P Ͻ 0.001), and further declines were observed over 8 wk in old control animals (14.6 Ϯ 8.5 to 11.3 Ϯ 5.9 m, P Ͻ 0.05). Sodium nitrite supplementation improved endurance run distance (14.5 Ϯ 5.7 to 17.8 Ϯ 5.9 m, P Ͻ 0.01) and restored endurance run time to that observed in young reference animals (P Ͻ 0.001 vs. old control, P Ͼ 0.05 vs. young reference, Fig. 1C ).
Sodium Nitrite Ameliorates Inflammation in Skeletal Muscle of Old Mice
Protein expression of the proinflammatory cytokines IL-1␤, IL-6, INF-␥, and TNF-␣ was increased in quadriceps muscle of old compared with young reference mice. Sodium nitrite reduced expression levels of IL-1␤, INF-␥, and TNF-␣ in skeletal muscle in old mice, normalizing expression levels to those observed in young reference (P Ͻ 0.05, Fig. 2 ). IL-6 expression was not significantly different among the groups (P Ͼ 0.05, Fig. 2 ).
Inflammatory Cytokines Predict Improvements in Motor Function in Old Animals
The relative contribution of skeletal muscle inflammatory cytokines and treatment to gains in motor function was assessed with backward linear regression models. Improvements in motor function were significantly explained by selective inflammatory cytokines (Table 4) . Improvements in grip strength were significantly explained by INF-␥ and TNF-␣ (overall model R 2 ϭ 0.843, P Ͻ 0.05). Distance traveled in an open field arena was explained by IL-1␤ (partial r, P Ͻ 0.05; overall model R 2 ϭ 0.452, P Ͻ 0.05). Increases in endurance run time were explained by TNF-␣ and INF-␥ (overall model R 2 ϭ 0.429, P Ͻ 0.05). In each model, greater improvements in function were negatively related to markers of inflammation (Table 4) , with the exception of IL-6. Although the latter was included as an overall predictor in each model, it was not statistically significant as an individual explanatory variable (P Ͼ 0.05). Of the cytokines assessed, TNF-␣ and INF-␥ were most consistent in predicting gains in function as revealed by significant partial correlations within each model. Moreover, nitrite supplementation was an important explanatory variable in describing functional gains in each model (P Ͻ 0.05 each model, Table 4 ). Power achieved in each model was greater than 90%, and a maximum variance inflation factor of 0.884 and minimum tolerance of 1.275 was observed, thus confirming minimal multicollinearity among explanatory variables.
Plasma Nitrite and Nitrate
Plasma nitrite concentrations were greater in the old nitrite than in the old control and young reference animals (P Ͻ 0.05, Fig. 3 ). In contrast, plasma nitrate was not different between All correlations between home cage activity and motor functions were not significant (P Ͼ 0.05); n ϭ 24. 
DISCUSSION
The key finding of this study was that 8 wk of sodium nitrite supplementation in old male C57BL/6 mice improved several domains of motor function and restored endurance run times compared with those of young animals. Aging is associated with declines in motor function, which leads to an increased risk of functional limitation, loss of independence, and disability (1, 20, 23, 60) . Therefore, these preclinical findings suggest that moderate supplementation with sodium nitrite has translational potential to prevent or improve age-related motor declines in humans. Importantly, the present results also provide novel insight into a key mechanism by which sodium nitrite may improve motor function with age (i.e., by ameliorating chronic, low-grade inflammation in skeletal muscle). These effects of nitrite supplementation were observed in the absence of significant changes of habitual activity, body mass, or skeletal muscle mass or size.
Age-Related Motor Dysfunction: Effects of Nitrite Supplementation
The present results are consistent with previous reports from our laboratory (27) and others (10, 22, 32) demonstrating that declines in motor function develop with advancing age in male C57BL/6 mice, as indicated by impaired performance on behavioral tasks. Most importantly, sodium nitrite supplementation initiated later in life improved grip strength, attenuated the decline in open-field activity, and restored endurance capacity to levels observed in young mice. Improvements in multiple subdomains of function with oral sodium nitrite sup- Nitrite Improves Motor Function and Inflammation in Old Mice • Justice JN et al. plementation in the present study suggest that NO signaling, or possibly the independent biological signaling effects of nitrite, may be an important modulating influence on age-related motor functions. Of interest, motor function gains in old mice in our study were independent of statistically significant changes in skeletal muscle mass or skeletal muscle crosssectional area. Importantly, improvements in motor function were also independent of habitual cage activity, thereby indicating that the gains in motor function were not due to increased daily activity with nitrite supplementation.
Recently it was shown that 7-day supplementation with dietary nitrate, a precursor to nitrite and NO (29, 40) , in young C57BL/6 male mice was sufficient to induce a leftward shift in the force-frequency curve in the extensor digitorum longus, such that greater contractile forces could be exerted at submaximal frequencies of stimulation (25) . Furthermore, 6 wk of treatment in 18-mo-old female C57BL/6 mice with an NO donor, isosorbide dinitrate, improved vascular density and sarcolemma integrity in skeletal muscle, particularly when coupled with voluntary exercise (38) . These previous findings suggest that supplementation with NO precursors may have beneficial effects on skeletal muscle physiology in mice. In the present study, we are the first to show in a behavioral model of motor function that sodium nitrite improves multiple subdomains of motor function and restores endurance run time compared with that observed in young animals. More broadly, our findings show that sodium nitrite improves motor function in a setting of reduced baseline function, and the functional gains observed may reflect clinically relevant subdomains of human motor function (27) . This suggests that nitrite supplementation may be effective for prevention or treatment of motor dysfunction with primary aging in humans.
Previous work from our laboratory demonstrated that plasma nitrite concentrations are reduced with aging in this model (male C57BL/6 mice), and that 3 wk of sodium nitrite supplementation in the drinking water at a concentration identical to that used in the present study markedly increased plasma nitrite in both young and old mice (57). Although we did not observe an age-related decline in plasma nitrites or nitrates, the observed increase in circulating nitrite with sodium nitrite supplementation was associated with improvements in motor function in older animals. This concept is consistent with the fact that inorganic nitrate and nitrite consumed in the diet are reduced to NO (29, 43) , which exerts biological effects in numerous systems, including vascular (16, 57) , neural (14, 48, 50, 51) , and motor/skeletal muscle (13, 35, 59) . It is possible, for example, that nitrite supplementation boosts NO bioavailability, which could directly enhance blood flow and vascularization (38, 57) , thereby improving systemic function. Additionally, nitrite may have direct biological effects that are independent of reduction to NO (29) , and nitrite supplementation could alter gene and protein expression or activity, with physiological benefits (8, 56, 58) .
Findings from several investigations indicate that dietary nitrate may also have significant physiological effects in humans, suggesting a translational potential of sodium nitrite on motor function. In young adults, dietary nitrate consumption increased plasma nitrite levels, and this was associated with decreased muscle oxygen costs during submaximal and maximal exercise (36, 37) and increased exercise tolerance and time to exhaustion (3, 4, 34) , possibly resulting from improved mitochondrial efficiency (35) . However, limited studies exist replicating these results in older adults. Kelly et al. (28) found that 2.5 days of high nitrate beetroot juice consumption reduced blood pressure and accelerated V O 2 kinetics, but these changes did not correspond to enhanced walking and cognitive performance in men and women aged 60 -70 yr. The present work suggests that perhaps longer moderate treatment with biologically active sodium nitrite affects motor functions in rodents. Thus sodium nitrite may improve motor functions and performance when administered for a longer duration in older men and women. However, given potential differences in metabolism between rodents and humans, this remains to be tested experimentally.
Inflammation
The present findings are consistent with previous work from our laboratory (57) and others (6, 32) showing that inflammation increases with age as indicated by increases in proinflammatory cytokine concentrations in old compared with young control mice. In this study, we showed that sodium nitrite treatment initiated later in life completely reversed the increase in proinflammatory cytokines in skeletal muscle of old mice to levels observed in young reference animals. This is consistent with the results of a previous investigation by our laboratory in which 3 wk of sodium nitrite supplementation normalized inflammatory cytokine profiles in the aorta to those of young animals (57) .
Importantly, the results of the present study are the first to demonstrate that reductions in inflammatory cytokines are significantly associated with improvements in motor performance. Indeed, we found that expression of IL-1␤, INF-␥, and TNF-␣ in skeletal muscle had a strong inverse relation to motor function. Moreover, along with treatment effects, the concentrations of these cytokines explained much of the improvements in motor function with sodium nitrite supplementation. The fact that IL-6 expression did not follow this pattern may be due to the complex signaling of this cytokine in skeletal muscle (45). Taken together, our results provide the first evidence of a potent anti-inflammatory effect of sodium nitrite treatment in vivo in aging skeletal muscle, and that this effect is strongly associated with improvements in motor function.
Limitations and Future Directions
Although the current study suggests that motor function may be improved by sodium nitrite supplementation in old C57BL/6 male mice, future work is needed to determine whether these findings extend to females (12, 44) or different rodent strains (2, 17, 46) . Female animals and additional strains were excluded from the present investigation for improved internal consistency with our newly established battery of motor function tests developed with male C57BL/6 inbred mice that included young reference values. Additionally, future investigation should examine the potential influence of nitrite supplementation on other possible mechanisms that may have contributed to improvements in motor performance and inflammatory profiles, including enhanced blood flow and mitochondrial and muscle energetics. For example, sodium nitrite supplementation may increase skeletal muscle mitochondrial efficiency, as does dietary nitrate in humans (35) , and this could, in turn, mitigate mitochondrial-related inflammatory responses (39, 55) and improve endurance capacity. Moreover, other dietary or pharmacological approaches for enhancing systemic nitrite and NO bioavailability may have similar beneficial effects as those presented here for sodium nitrite supplementation in the drinking water (25, 38) . Finally, clinical trials should be conducted using appropriate doses of sodium nitrite to ensure the safety and efficacy of long-term supplementation on motor functions in older adults. As nitrite is scavenged by oxyhemoglobin resulting in the formation of methemoglobin, future clinical trials should include careful monitoring of methemoglobin. However, completed trials in humans suggest that nitrite administration is not associated with clinically significant elevations in this marker (26, 52) .
Conclusion
The results of this study show for the first time that late-life oral supplementation with sodium nitrite improves motor function in old C57BL/6 male mice and restores endurance run time to that of young animals. Our findings also provide evidence that improvements in motor function may be mediated in part by the anti-inflammatory influences of sodium nitrite on aged skeletal muscle with chronic low-grade inflammation. Moreover, improvements in functional capability and inflammatory profiles were independent of changes in skeletal muscle mass, skeletal muscle cross-sectional area, and habitual activity. Overall, these findings establish an experimental basis for translational research aimed at determining the efficacy of sodium nitrite therapy for improving motor function and reducing the risk of disability and loss of independence associated with aging in humans. Sodium nitrite treatment may also have efficacy for improving motor function in age-related disease states or other conditions associated with baseline deficits in motor function.
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